Successful dose recovery for post-IR IRSL signal using SAR is test dose dependent. Difficulty of IRSL signal removal causes carry-over of charge during SAR protocol. Increasing test dose size or stimulation time reduces apparent sensitivity change. Single grain D e overdispersion value is influenced by test dose size. A new method is proposed to minimise carry-over of charge between L x and T x . a r t i c l e i n f o 
Introduction
A series of papers in the last 8 years has revolutionised the potential for using feldspars in luminescence dating (e.g. Thomsen et al., 2008; Li and Li, 2011; Jain and Ankjaergaard, 2011; Buylaert et al., 2012; Li et al., 2014) . The post-infrared infrared stimulated luminescence (post-IR IRSL) method (Thomsen et al., 2008; Buylaert et al., 2012) , and the multiple elevated temperature (MET) method (Li and Li, 2011) , provide approaches for obtaining luminescence signals that are far less prone to anomalous fading (Wintle, 1973) than those measured close to room temperature. When this new signal is combined with the single aliquot regenerative dose (SAR) method originally designed for quartz , it provides an exciting new approach for luminescence dating, and these innovations have been rapidly adopted at both the multiple grain and single grain level (e.g. Kars et al., 2014; Reimann et al., 2012) .
However, a continuing area of uncertainty in the use of the SAR procedure for feldspars has been the role that changes in test dose have upon results. In a recent paper, Yi et al. (2016) provide a detailed experimental data set demonstrating the impact of changes in test dose upon the ability to recover a known laboratory dose, and upon the equivalent dose (D e ) obtained. In their study on the post-IR IRSL 290 signal from density-separated 63e90 mm feldspar from Chinese loess, they demonstrated that the dose recovery ratio varies systematically with test dose (their Fig. 4(a) ); an overestimated dose recovery is seen when a test dose of less than 15% of the given dose is used, and an underestimate is seen when the test dose is more than 80% of the given dose, and there is no sign of a plateau in the data. A similar pattern is seen for the assessment of D e (their Fig. 5) , though here the range of acceptable test doses is narrower, between 20 and 60% of the D e , and in the absence of independent age control it is difficult to be certain whether the D e values obtained with this range of test dose are accurate. The observation that the outcome of these critical experiments is dependent upon the size of the test dose is not new (e.g. Qin and Zhou, 2012 ; and see review by Li et al., 2014) , but it is unsatisfactory both for practical and epistemological reasons. Practically, it means that an iterative approach is often needed when applying the SAR protocol to feldspars, with an initial set of measurements needed to gain an approximate value for D e so that the correct size of the test dose can be calculated, and then a second set of measurements made in which this test dose is applied. For measurements of samples where the D e may vary between different grains (e.g. incompletely bleached samples, Colarossi et al., 2015) the choice of an appropriate test dose is challenging, or impossible. From an epistemological point of view, the lack of any clear understanding of why the SAR protocol applied to feldspars is so sensitive to the choice of test dose is unsatisfactory, and inhibits the development of new methods which are less sensitive to the choice of test dose.
Whilst Yi et al. (2016) and others have provided clear evidence that accurate dose recovery depends upon the choice of test dose, and that using a large test dose is generally more successful than using a small test dose, there has not been a clear exploration of why a large test dose helps, and what this implies for the application of the SAR procedure to feldspars. This paper reports a series of dose recovery experiments, first keeping the size of the test dose constant and varying the size of the dose to be recovered, and second keeping the dose to be recovered constant and varying the size of the test dose. The data arising from these measurements are analysed to explore the changes that are occurring in the luminescence signals, and in the light of these results, significant challenges in the use of the SAR procedure with feldspars are discussed, as well as methods for minimising these problems. The luminescence measurements have been undertaken using a single grain IRSL system, but the data are analysed and discussed both at an aliquot level (by mathematically combining the signal from all 100 grains on an aliquot) to look for general trends, and at a single grain level to explore the variability.
Samples, instruments and measurement parameters
All experiments in this paper were undertaken on feldspar grains 180e212 mm in diameter, extracted from sample Aber162/ MPT4, a late Quaternary fluvial deposit in South Africa, described by Colarossi et al. (2015) . Potassium-rich feldspar was extracted through heavy liquid separation using sodium polytungstate at densities of 2.58 g cm À3 and 2.53 g cm À3 and the resulting material has a potassium concentration of 12.6 ± 0.8% determined using GM-beta counting. This value of K is close to the theoretical limit for feldspars (~14% by weight), and implies that the sample is predominantly composed of potassium-rich feldspar grains. The grains were not etched in hydrofluoric acid (HF) due to concerns about anisotropic removal of the surface (Duller, 1992 . Unless stated otherwise, all measurements were made using the post-IR IRSL procedure shown in Table 1 (a), based on Buylaert et al. (2009) . The selection of an appropriate temperature at which to make post-IR IRSL measurements was outlined in Colarossi et al. (2015) where four post-IR IRSL signals were tested using stimulation temperatures of 225 C, 250 C, 270 C and 290 C. Similar recycling ratios, recuperation values, fading rates and dose recovery ratios were obtained at the four temperatures, and the post-IR IRSL 225 signal was selected because it produced the lowest residual dose, an important consideration for dating this relatively young sample. Anomalous fading is not expected to be an issue for the dose recovery experiments reported in this paper, because all measurements were made using the 'run one at a time' option to ensure a constant time between irradiation and IRSL measurement for each disc. For all dose recovery experiments reported in this paper, individual K-feldspar grains (180e212 mm) were mounted on single grain discs and bleached in a Honl€ e SOL-2 solar simulator for 48 h.
Data analysis was undertaken in Analyst V4.31 (Duller, 2015) . Dose response curves were fitted with a single saturating exponential (SSE), double saturating exponential (DSE) or single exponential plus linear (SEPL) function, to obtain the "best fit" based on the reduced chi squared parameter. D e values were determined by integrating the initial 0.165 s of the decay curve and subtracting the signal from a late background, taken from the last 0.33 s of the decay curve (Fig. 1) . D e values from individual grains were accepted only if (i) the recycling ratio was within 10% of unity, (ii) recuperation was less than 5% of the largest regenerative dose, (iii) the error on the test dose signal was less than 3 standard deviations of the background signal, and (iv) the uncertainty on the test dose luminescence measurement was less than 10%.
3. Dose recovery of different given doses, using a fixed (5.1 Gy) test dose
Individual grains of K-feldspar were mounted on single grain discs, bleached for 48 h in the Honl€ e SOL-2 solar simulator and irradiated with a beta dose ranging between 21 Gy and~400 Gy. Three discs were measured for each of the five given doses using the post-IR IRSL 225 protocol with a fixed test dose of 5.1 Gy. A high proportion of the single grains passed the acceptance criteria (between 48% and 73%) giving a statistically robust dataset of between 145 and 218 D e values for each suite of experimental parameters.
Two single grain discs bleached in the SOL-2 received no laboratory dose and were used to determine the residual remaining within the grains after bleaching. For these residual measurements, the average D e measured from the 135 grains which passed the screening criteria was 1.20 ± 0.08 Gy. This value was subtracted from the individual D e values measured for all given doses. Mean measured to given dose ratios range from 0.96 ± 0.01 to 0.83 ± 0.03 ( Fig. 2) and show a trend to increasingly poor dose recovery ratios as the size of the given dose increases. For the largest given dose (400 Gy) the dose recovery ratio (0.83 ± 0.03) is more than 10% from unity even allowing for the uncertainty, and thus the post-IR IRSL 225 protocol fails the dose recovery test when using a small test dose (5.1 Gy).
Single grain D e distributions
The average values for the dose recovery ratio shown in Fig. 2 mask a number of important features of the single grain D e measurements. To facilitate comparison of the shape of these distributions for the various given doses, individual D e values were normalised to the relevant given dose and plotted as a histogram ( Fig. 3 ) and radial plot (Fig. S1 ). At low given doses (20 Gy and 43 Gy) D e distributions are slightly positively skewed and then become broader and more symmetrical as the given dose increases (Fig. 3) . As well as becoming broader, the overdispersion (OD) increases with given dose (GD), from 9% (GD~20 Gy) to 34% (GD 400 Gy). The number of D e values (n) in the distributions shown in Fig. 3 tends to decrease as the given dose increases. This is because an increasingly large number of grains that pass all of the screening criteria cannot be used to generate a D e because they are saturated (n sat , Fig. 3) ; that is to say that their normalised natural signal (L n / T n ) is either at or above the maximum value from the SSE or DSE fit. Trauerstein et al. (2014) and Thomsen et al. (2016) suggest that a high number of saturated grains may bias the distribution towards lower D e values and this is a plausible explanation of the systematic underestimation of the measured to given dose ratio observed in Fig. 2. 4. Dose recovery of a fixed (~400 Gy) given dose, using different test doses A second experiment was undertaken, with bleached grains being irradiated with a given dose of~400 Gy and the size of the test dose varied. The test doses applied were 5.1 Gy (~1% of the given dose), 20 Gy (~5%), 60 Gy (~15%), 120 Gy (~30%), 199 Gy (~50%) and 319 Gy (~80%), and were chosen to cover the range of values used in recent publications (e.g. 25% ; 30% (Buylaert et al., 2013; Fu et al., 2015; Yi et al., 2015) ; 50% ). The dose recovery ratio obtained using a test dose of 5.1 Gy (0.83 ± 0.03) is the same data point as that shown in Fig. 2 (a given dose of 400 Gy). The measured to given dose ratio for the next highest test dose (20 Gy,~5% of the given dose) jumps to 1.02 ± 0.02, and a steady decline in the ratio is then seen as the test dose increases to 199 Gy (~50%) (Fig. 4(a) ). These results show it is possible to use the post-IR IRSL 225 signal to recover a large given dose (400 Gy), within 10% uncertainty, when a test dose of 5e80% of the given dose is applied. This is similar to the findings of Yi et al. (2016) for the post-IR IRSL 290 signal where a test dose of between 15% and 80% of the D e is recommended.
Singe grain D e distributions
The distributions of single grain D e values at the two lowest test doses (5 Gy and 20 Gy; Fig. 5 and radial plots in Fig. S2 ) are broad and slightly positively skewed. The overdispersion (OD) drops rapidly as the test dose increases: 34% OD for a test dose of 5 Gy, 16% OD for a test dose of 20 Gy, and OD then becomes almost constant Fig. 1 . Post-IR IRSL 225 decay curve measured using the IR laser during a 2 s stimulation. The signal is the sum of the signals from all 100 grains on one disc. The periods of time over which the data were summed to obtain the signal and the background are shown in red and blue, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 2 . Mean measured to given dose ratios from the post-IR IRSL 225 protocol (Table 1(a)) for given doses ranging between~5 Gy and~400 Gy with a fixed test dose of 5.1 Gy. The dotted line indicates the À10% lower limit for acceptance of the dose recovery test. at~12% for higher test doses. Nian et al. (2012) observed a similar decrease in OD (~21%e14%) when increasing the size of their test dose from 25 Gy to 100 Gy.
The number of saturated grains observed for a fixed 400 Gy given dose decreases as the test dose increases (Fig. 5) , from 40 grains for the 5.1 Gy test dose (1% of the given dose (GD)) to 3 grains at the~320 Gy test dose (80% of GD). A range of test doses appear suitable, but there appears to be an optimum test dose between 15 and 30% of the given dose (60e120 Gy) where OD is low, the number of saturated grains is small, and the recovered dose is within 10% of the given dose.
4.2. Effect of test dose size on the shape of the dose response curve Li et al. (2014) in their review paper reported that the saturation of the post-IR IRSL signal is dependent on the experimental conditions applied during the measurement process. For instance Li et al. (2013) and Guo et al. (2015) reported changes to the shape of the dose response curve when using different stimulation temperatures for the post-IR IRSL signal. To explore the impact of changing test dose on the shape of the dose response curve, the luminescence signals from all 300 grains in the second dose recovery experiment (Figs. 4(a) and 5) were summed, to produce a single synthetic aliquot for each test dose. The dose response curves (DRCs) produced from these summed data show a systematic change in shape with the size of the test dose (Fig. 4(b) ). The largest change in shape is observed between the lowest test dose (5.1 Gy, 1% of the given dose, GD) and the 60 Gy (~15% of GD) test dose. Beyond this (i.e. for test doses above 120 Gy,~30% of GD) the change is limited. The sensitivity normalised signal (L n /T n ) arising from the 400 Gy given dose when using a 5.1 Gy test dose curve (Fig. 4(b) , red square on the y-axis), is close to the maximum L x /T x ratio obtained from the regenerated data for the same measurement conditions, and this explains the large number of saturated grains, and the observed underestimation of the mean D e in Fig. 5(a) . Increasing the test dose changes the shape of the DRC, and the 'natural' signal plots below the level of saturation, as seen for the curve built for the 20 Gy test dose (Fig. 4(b) , orange) and all larger test doses. However, it is worth noting that for a test dose of 60 Gy or larger all of the DRCs display the same shape and similar L n /T n ratios for the natural signals.
D 0 is a convenient measure to characterise the rate of change in curvature of the DRC. D 0 values for the dose response curves in Fig. 4(b) show a general pattern of an increase in D 0 (from 159 ± 87 Gy to 556 ± 66 Gy) as the size of the test dose is increased (from 5 Gy to 320 Gy). The D 0 values for the DRC obtained using the smallest test dose (5 Gy) is less than half the given dose (400 Gy). For quartz, Wintle and Murray (2006) cautioned that when D e was Fig. 3 . The measured to given dose ratios for single grains of K-feldspar for the data shown in Fig. 2 . The mean measured to given dose ratio for the distribution is denoted by the black dot shown with error bars (plotted against an arbitrary y-value). All measurements were made using the post-IR IRSL 225 protocol (Table 1(a)) with a fixed test dose of~5.1 Gy; GD represents the given dose, n the number of grains included in the D e distribution excluding the number of saturated grains (n sat ) and the dashed line indicates the given dose normalised to 1. Radial plots of these distributions are included in the supplementary information (Fig. S1 ).
more than twice the value of D 0 the low slope of the dose response curve at the point where the natural signal is interpolated onto the DRC meant that small uncertainties in the natural measurement (L n /T n ) would result in large uncertainties in the D e value; it is likely that similar effects will be seen with feldspars. For feldspars, the change in D 0 with test dose will impact upon the dose range over which the method can be used; for dating older samples it may therefore be advantageous to utilise a larger test dose.
Effect of test dose size on apparent sensitivity change
The SAR measurement protocol includes a test dose, used to monitor and correct for sensitivity change occurring within the measurement cycle. When measuring the OSL signal from quartz, it is usual to integrate the signal from the start of the OSL decay curve which is dominated by the fast component, and subtract a signal from later in the decay curve to remove the contribution from other components of the OSL signal. Changes in the size of T x (normally plotted as a ratio to the first measurement of the test dose, T n ) are interpreted as changes in the sensitivity of the sample (that is the intensity of the luminescence signal arising from irradiation), and a variety of different patterns of sensitivity change are observed in quartz (e.g. Armitage et al., 2000) .
The change in sensitivity observed for the post-IR IRSL 225 signal during construction of the dose response curves shown in Fig. 4(b) (where the luminescence signals from 300 grains have been combined) varies systematically as the size of the test dose is altered (Fig. 4(c) ). At small test doses very large sensitivity changes are seen, with T x decreasing by up to 75% (5 Gy, 1% of GD) (Fig. 4(c) ), but as the test dose increases, the maximum amount of sensitivity change decreases to 18% (for a test dose of 320 Gy, 80% of GD). The change in behaviour is most apparent for low test doses, and for test doses of 120 Gy (30% of GD) and above rather little change is seen. The greatest sensitivity change always occurs between cycles 1 and 2 and cycles 7 and 8; these represent the progression from a large regeneration dose (e.g. cycle 1~400 Gy) to a small regeneration dose (e.g. cycle 2 ¼ 0 Gy).
The variation in sensitivity change observed during a SAR sequence when using different test doses (Fig. 4(c) ) is consistent with the changes in the shape of the DRC (Fig. 4(b) ). For the lowest test dose (5.1 Gy), the value of T x increases by more than a factor of three as the dose response curve is constructed with increasingly large regeneration doses (cycles 2 to 7 in Fig. 4(c) ). The large increase in the size of T x leads to enhanced curvature of the DRC, while for larger test doses the change in T x is smaller (a factor of less than 1.4 for a test dose of 320 Gy, Fig. 4(c) ), and curvature of the DRC is less (Fig. 4(b) ). What is occurring during the SAR protocol to drive these changes in the intensity of T x ?
Signal transfer between L x and T x measurements
Unlike quartz, feldspar does not have a fast component that is rapidly reduced during optical stimulation. The absence of discrete components in the post-IR IRSL signal, and its slow rate of decay under IR stimulation, mean that it is difficult to ensure that the luminescence signal has been reduced to a negligible level before administering further radiation doses. It is common at the end of each cycle in SAR procedures applied to feldspars (Table 1(a), Step 9) to include a step involving optical stimulation, normally at a temperature higher than that used for making the L x or T x measurement (e.g. Buylaert et al., 2012; Nian et al., 2012) . This is designed to reduce the amount of charge in the sample which remains at the end of the cycle and which would otherwise still be present in the next SAR cycle. A common justification for the inclusion of this step is to reduce recuperation. However, no similar step is normally used to prevent charge from the regeneration dose (Table 1 (a), Step 1) still being present when the response to the test dose is measured (T x : Table 1(a), Step 8).
To explore the relationship between the L x and T x measurement, the two signals were compared directly. The L x and T x post-IR IRSL decay curves (summed from 300 grains) that were used to Fig. 4(a) . The mean measured to given dose ratio for the distribution is denoted by the black dot shown with error bars (plotted against an arbitrary y-value). Measurements were made using the post-IR IRSL 225 protocol with a variable test dose (Td); n represents the number of grains included in the D e distribution excluding the number of saturated grains (n sat ) and the dashed line indicates the given dose normalised to 1. Radial plots of these distributions are included in the supplementary information (Fig. S2) .
construct Fig. 4(b) , were used to obtain the signal intensity in the first channel of the T x measurement (Table 1(a), Step 8) and to plot this as a function of the intensity of the last channel from the preceding L x measurement (Table 1(a), Step 4). In a regeneration method, ideally both the L x and T x measurements would completely remove the luminescence signal of interest, no excess signal would be carried over into the subsequent measurements, and the data points in Fig. 6(a) would plot along a straight line with a slope approximating zero. However, the data (Fig. 6(a) ) show a good correlation, and can be fitted with a linear regression with a positive slope. If signal remaining at the end of the L x measurement were simply acting as some baseline on top of which charge from the test dose were being added, one might expect the slope of the lines in Fig. 6(a) to be 1.00, or less. However, this is not what is seen. The lowest slope is 2.42, and the slope increases with increasing test dose size. Two possible explanations for the slope being greater than one are (i) that thermal transfer during the preheat of the test dose (Table 1 (a), Step 6) is transferring relatively inaccessible charge so that it becomes more easily accessible in the next IR stimulation, or (ii) that the amount of charge remaining in the sample is altering the trapping probability for the subsequent test dose irradiation. However at this stage it is not possible to determine which of these is the cause. What is clear is that the signal remaining from the regeneration dose at the end of the L x measurement is having a significant impact upon T x (as seen in Fig. 6(b) and (c)). Fig. 6 (a) plots the absolute values from the measurements of L x and T x , but what can also be deduced from this diagram and from Fig. 6(b) and (c) is that using a larger test dose reduces the percentage change in T x as a function of L x (as already seen in Fig. 4(c) ). Whilst the larger test dose masks the impact of L x , a more elegant solution would be to alter the measurement procedure in order to minimise the charge carried over from L x to T x .
Extended IR stimulation to reduce carry-over of charge
In Section 4 a large (~400 Gy) given dose was successfully recovered by using a test dose that was between 5 and 80% of the given dose (Fig. 4(a) ). However, the data presented in Fig. 6 show a substantial amount of charge being carried over from L x to the next T x measurement; since the exact origin of this charge is unclear, the term charge transfer is not used here, and 'carry-over of charge' is used instead. Thus, in this section a protocol is tested which includes an additional 500 s stimulation at 225 C with IR LEDs after each L x measurement (Table 1(b), Step 5), designed to minimise the carry-over of charge from L x to T x . Additionally, the high temperature (290 C) IR stimulation after each T x measurement (Table 1(a),
Step 9) was replaced by a 500 s IR LED stimulation at 225 C, in an attempt to minimise sensitivity change. This new protocol (Table 1 (b)) was tested using the same range of test doses as used in Section 4.
Using the modified SAR protocol, the mean measured to given dose ratio (Fig. 4(d) ) lies within 10% of unity for all test doses, even 5 Gy (1% of GD) which had previously failed this test (Fig. 4(a) ). As anticipated, the inclusion of the additional IR stimulation after measurement of L x leads to a more muted change in shape of the dose response curve with increasing test dose (Fig. 4(e) ) than that seen when using the sequence in Table 1(a) (Fig. 4(b) ), and the change in T x for the different test doses is much reduced (cf Fig. 4(f) and (c)). The D 0 values for the DRCs shown in Fig. 4(d) still broadly increase with test dose (with the exception of the value for a test dose of 60 Gy, which appears anomalous), but the D 0 values (303 ± 35 Gy to 625 ± 146 Gy) are all consistently larger than seen previously (Section 4.2). In contrast with the data in Fig. 4(b) , the value of D 0 (303 Gy) for the lowest test dose (5 Gy) is now large enough that the anticipated D e (400 Gy) is less than twice the value of D 0 . The dose recovery ratio is close to unity (1.02 ± 0.03), and though the single grain data still exhibit substantial overdispersion (OD) of 29% (Fig. S3 and Fig. S4 ), this value is slightly lower than that Fig. 4(a) , the first channel of T x from the IR laser stimulations is plotted as a function of the last channel of the preceding L x measurement. Data are shown for one summed aliquot (100 grains) for each test dose. Open symbols show data from repeated regeneration doses. Values are shown for the slope of each dashed line, constructed using a linear regression function. (b) The IRSL decay curves (T x ) used in Fig. 6(a) demonstrate the strong dependence of the T x signal magnitude upon the preceding regeneration dose (given in legend) for the 5 Gy test dose, and (c) the much lower proportionate impact for the 320 Gy test dose. seen previously (34%, Fig. 5(a) and Fig. S2 ). For the larger test doses (i.e. ! 20 Gy,~5% GD) the values of OD are similar to those seen in Fig. 5(bef) .
Data from Section 4 showed significant carry-over of signal occurring between the L x measurement and subsequent T x measurement ( Fig. 6(a) ), with the slope of the relationship varying from 2.42 to 3.35. In contrast, data obtained using the modified SAR protocol (Table 1(b), Fig. 4(def) ) shows a much smaller amount of signal carried over between the two measurements (Fig. 7) . Linear regressions now have a slope of~0.3 for all test dose sizes, ten times smaller than for the previous dataset, and are no longer dependent upon the size of the test dose. The fact that the slope of the linear regressions is not zero, implies that there is still a small amount of charge being carried over from the L x measurement into the T x measurement, and this may explain the subtle changes in shape of the DRC still seen in Fig. 4(e) .
Discussion
A key assumption of a single aliquot regeneration method is that the signal being measured is removed completely during measurement, prior to any subsequent irradiation and further measurement (e.g. Duller, 1991; Wallinga et al., 2000, p. 530 ). This assumption is generally met when SAR is applied to the fast component of quartz. Durcan and Duller (2011) showed that using blue LEDs delivering 30.6 mW cm À2 to the sample, the fast component of the quartz OSL signal was calculated to fall to 0.1% of its initial level after just 3.7 s of optical stimulation. The level falls to 0.001% after 6.1 s, and after 40 s stimulation (the period commonly used in SAR measurements), the fast component is calculated to be 2 Â 10 À33 times smaller than its initial level ( Fig. S5(a) ). The fast component of quartz can be relatively simply isolated by integrating the early part of the OSL signal and subtracting a background from later in the OSL decay curve where only the medium and slow components remain. In contrast, the IRSL signal from feldspars decays much more slowly than the fast component of the quartz OSL signal, and follows a power law (e.g. Bailiff and Poolton, 1991; Huntley, 2006; Pagonis et al., 2012) instead of a simple exponential decay (Fig. S5(b) ). Furthermore, the IRSL signal is not composed of discrete components, meaning that subtraction of a signal derived from later in the decay curve does not result in the isolation of a single rapidly bleached component as it does in quartz. The function of the background subtraction that is universally applied when using SAR for feldspars is unclear, and its inclusion is probably a spurious hangover from the application of SAR to quartz. The IRSL signal rarely reaches a stable low level at the end of measurements of the regeneration dose or test dose (e.g. Li et al., 2013) , and using a fixed period of time for IR measurement is likely to result in different signal intensities at the end of each regeneration measurement. Duller (1991) recognised the difficulty of removing the IRSL signal from feldspars in the first paper describing single aliquot methods of equivalent dose determination. He described a method where the IR stimulation of a sample continued for as long as was required to reduce the IRSL signal to below a preset threshold (in his case 600 cps). Whilst this approach reduced the change in apparent sensitivity that was observed, it did not remove it entirely, and hence the method was abandoned. The only method that appears to be effective at removing the signal is to undertake IRSL measurements at higher temperatures. Thus the use of a high temperature IRSL measurement (e.g. at 325 C) at the end of each SAR cycle (e.g. Buylaert et al., 2012 ) is effective at reducing the post-IR IRSL 290 signal as demonstrated by the low recuperation values measured. However, inserting this type of treatment between the measurement of L x and administration of the test dose risks leading to sensitivity change that could not be corrected for using a standard SAR approach. Indeed, undertaking a dose recovery experiment using the post-IR IRSL 225 protocol, with a 5 Gy test dose and an additional IRSL stimulation at 290 C after each L x and T x measurement, resulted in a measured to given dose ratio of 1.29 ± 0.03.
Figs. 6 and 7 confirm that for the measurement parameters used in this study, the assumption that the IRSL signal is removed during each measurement is not met (and it is probably not met in the majority of measurements of feldspar IRSL using SAR). One of the most significant impacts of charge remaining from one dose upon the measurement of the luminescence signal arising from the next dose is to make it appear as if the sample is changing its luminescence sensitivity (e.g. Fig. 4(c) and (f) ). In turn, this change in apparent sensitivity leads to changes in the shape of the dose response curve (Fig. 4(b) and (e)). However, the signal measured as T x no longer originates solely from the test dose, but contains charge resulting from the regeneration dose as well (as shown by Figs. 6 and 7). Thus T x is not a measure of sensitivity, but a complex mixture resulting from both the regeneration dose and test dose; using it to correct the dose response curve may lead to inaccuracies. Since the amount of charge carried over from the regeneration dose to the measurement of the test dose response is closely coupled with the size of the regeneration dose (Figs. 6(a) and 7(a) ), this Fig. 4(d) . The additional IR stimulation after both L x and T x measurements has reduced the signal difference by a factor of 10 (see Fig. 6(a) ). Data presented are for one synthetic aliquot. Open symbols show data from repeated regeneration doses. Values are shown for the slope of each dashed line, constructed using a linear regression function. (b) IRSL decay curves (T x ) for the 5 Gy test dose used to construct Fig. 7 (a) . Note the smaller variation in T x intensity as a function of regeneration dose compared with that seen in Fig. 6(b) . error in sensitivity correction will not be detected by a recycling test, and may only weakly be seen in the dose recovery ratio. Thus the tests used for assessing the validity of the SAR protocol are not effective as quality assurance checks for feldspar. The addition of a second measurement of the IRSL signal at 225 C (Table 1(b), Step 5) after measuring L x reduced, but did not remove entirely, the dependence of the test dose signal (T x ) on the regeneration signal (cf. Fig. 7(a and b) with Fig. 6(a and b) ).
The single aliquot regenerative (SAR) dose method, developed at the end of the 1990's and into the early 2000's for use with the optically stimulated luminescence (OSL) signal from quartz Wintle and Murray, 2006) , has been adopted for use with the luminescence signals from feldspars (e.g. Wallinga et al., 2000; Buylaert et al., 2012) . Few modifications have been made to the SAR method in order to tailor the method to this different mineral. In hindsight this is perhaps surprising, especially given that there is a general consensus that SAR applied to quartz is most effective when a dominant fast component exists in the OSL signal (Wintle and Murray, 2006) , whilst the IRSL and post-IR IRSL feldspar signals are thought not to contain distinct components (Thomsen et al., 2011; Pagonis et al., 2012) .
Large changes in overdispersion in D e values from single grains were observed depending upon the size of the test dose used (e.g. Figs. 3 and 5). It is not clear whether these changes in overdispersion are primarily the result of changes in the apparent D 0 of the dose response curve, leading to many grains being close to, or beyond, the limit of saturation, or whether the overdispersion arises from grain-to-grain variability in the extent to which charge is carried over from the regeneration dose to the test dose measurement. Analyses of the type shown in Figs. 6 and 7 at a single grain level have not revealed any systematic relationship between slope and the ability to recover a dose, but further analysis would be helpful. Regardless of the exact cause of the changes in overdispersion, its existence is important when considering the application of single grain IRSL measurements to dating.
Conclusions
A prerequisite for the successful application of the SAR protocol is the ability to reduce the luminescence signal to a negligible level after each measurement in order to accurately correct for sensitivity change. Thus, it has become common practise to include a high temperature clean out at the end of each step to remove trapped charge prior to each L x measurement; unfortunately this does not prevent the carry-over of charge from the L x measurement into the T x measurement. A series of dose recovery experiments showed that the feldspar IRSL signal is not reduced to background levels after IR stimulation, which results in a carry-over of charge from the L x measurement into the T x measurement, ultimately leading to inaccuracies in sensitivity correction and DRC construction. The effect of signal transfer during the post-IR IRSL measurement protocol was dealt with in two ways in this study. First, its impact was reduced by applying a large test dose thereby decreasing the relative size of the charge carried over. Second, the magnitude of the carried-over charge was reduced by including an additional IR stimulation at the same second stimulation temperature after both the L x and T x measurements. Both approaches were shown to be equally effective at recovering a known given dose (Fig. 4(a) and (d) ) and reducing apparent sensitivity change (Fig. 4(c) and (f) ). However, the latter approach also minimises potential thermally induced sensitivity change due to high temperature thermal treatments, such as the high temperature clean out at the end of each step. A convenient way of assessing whether charge carry-over is significant is by the comparison of test dose signals through the SAR sequence (e.g. Fig. 6(b), (c) and 7(b) ).
The lack of a rapidly-depleted feldspar luminescence signal results in the signal not being reduced to low enough levels after each measurement to ensure accurate sensitivity correction. Future SARtype procedures for measurement of feldspars should aim to minimise the impact of the regeneration dose upon the measurement of the test dose, thus making T x a more accurate measure of sensitivity.
